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ABSTRACT 
g2ZL/W 
Mul t ip l e  tank  c l u s t e r s  r ep resen t ing  S a t u r n  I b o o s t e r s  and con- 
t a i n i n g  3,500 pounds of LOX/RP-lwere d e s t r u c t e d  by us ing  i n t e r n a l  and 
e x t e r n a l  d e s t r u c t  systems. The explosive y i e l d s  f o r  bo th  systems were 
low and, t h e r e f o r e ,  tended t o  r e fu t e  t h e  sugges t ion  t h a t  t h e  c l u s t e r  
c o n f i g u r a t i o n  of t h i s  v e h i c l e  n e c e s s a r i l y  would r e s u l t  i n  i nc reased  
y i e l d s  by comparison wi th  veh ic l e s  having dua l  tanks  i n  tandem conf ig-  
u r a t i o n .  Comparisons of r e s u l t s  f o r  t h e  two d e s t r u c t  systems i n d i c a t e d  
somewhat lower y i e l d s  and l e s s  f ragmentat ion for t h e  e x t e r n a l  d e s t r u c t  
s y s  tern. 
NASA - GEORGE C. MARSHALL S P A C E  FLIGHT C E N T E R  
TECHNICAL MEMORANDUM X-53007 
DESTRUCT TESTS' ON SCALE MODEL SATURN I BOOSTER 
by 
J. B. G a y l e  and C .  H. B l a k e w o o d  
MATERIALS D I V I S I O N  
PROPULSION AND VEHICLE ENGINEERING LABORATORY 
TABLE OF CONTENTS 
Page 
SUMMARY 1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  1 
ACKNOWLEDGMENT . . . . . . . . . . . . . . . . . . . . . . .  2 
T E S T  CONFIGURATIONS AND W E R A T I N G  PROCEDURES . . . . . . . .  2 
INSTRUMENTATION . . . . . . . . . . . . . . . . . . . . . .  3 
Shock Wave Measurements . . . . . . . . . . . . . . . .  5 
Shrapne 1 Measurements . . . . . . . . . . . . . . . . .  7 
Fireball Measurements . . . . . . . . . . . . . . . . .  7 
CALIBRATION OF INSTRUMENTATION . . . . . . . . . . . . . . .  7 
RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . .  11 
Fragmentation . . . . . . . . . . . . . . . . . . . . .  11 
Fireball . . . . . . . . . . . . . . . . . . . . . . . .  13 
Shock Waves . . . . . . . . . . . . . . . . . . . . . .  14 
CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . .  15 
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . .  38 
iii 








Specifications for Test Configurations . . . .  4 
Gauge and Camera Distances for 
Cluster Tests . . . . . . . . . . . . . . . . .  8 
Sensitivity Coefficients f o r  
Piezoelectric Gauges . . . . . . . . . .  10 
14 Approximate Temperature Profiles . . . . . . .  
Number of Significant Explosions Indicated by 
Different Types of Instrumentation. . . . . . .  15 
iv 
LIST OF FIGURES 




















C l u s t e r  i n  Place a t  T e s t  S i t e  . . . . . . . . . 17 
D e t a i l s  of Destruct  Systems . . . . . . . . . . 18 
Locat ion of Destruct Systems. . . . . . . . . . 19 
B l a s t  Instrumentat ion Layout . . . . . . . . . 20 
Shock Tube Used for C a l i b r a t i o n  . . . . . . . . 21 
Osci l loscope Trace f o r  Typical  Shock Wave . . . 22 
C a l i b r a t i o n  Data and Reference Curve 
f o r  P i e z o e l e c t r i c  Gauges. . . . . . . . . . . . 23 
C a l i b r a t i o n  Data and Reference Curve 
f o r  Foi lmeter  Gauges. . . . . . . . . . . . . . 24 
C a l i b r a t i o n  Data and Reference Curve 
f o r  Can t i l eve r  Beam Gauges. . . . . . . . . . . 25 
C a l i b r a t i o n  Data f o r  Self-Record Gauges . . . . 26 
Time of A r r i v a l  of Shock Wave A s  Measured 
wi th  Fas t ax  Camera. . . . . . . . . . . . . . . 27 
Fragment P a t t e r n  f o r  S i n g l e  LOX Container ,  
T e s t  S-1. . . . . . . . . . . . . . . . . . . . 28 
Fragment P a t t e r n  f o r  S ing le  Fuel  Container ,  
T e s t  S-2. . . . . . . . . . . . . . . . . . . . 29 
Fragment P a t t e r n  f o r  Tes t  C-1  (External  
Des t ruc t  System). . . . . . . . . . . . . . . . 30 
Fragment P a t t e r n  f o r  T e s t  C-2 (External  
D e s t r u c t  System). . . . . . . . . . . . . . . . 31 
Fragment P a t t e r n  f o r  T e s t  C-3 (External  
Des t ruc t  System). . . . . . . . . . . . . . . . 32 
F i r e b a l l  S i z e  and Duration f o r  C l u s t e r  T e s t s .  . 33 






LIST OF FIGURES (Concluded) 
Page 
Equivalent  TNT Yield f o r  Test C - 1  
35 (External  Des t ruc t  System). . . . . . . . . .  
Equivalent  TNT Yield f o r  T e s t  C-2 
36 (External Des t ruc t  System). . . . . . . . . .  
Equivalent  TNT Yield f o r  T e s t  C - 3  
37 ( I n t e r n a l  Des t ruc t  System). . . . . . . . . .  
vi 
DESTRUCT TESTS ON SCALE MODEL SATURN I BOOSTER 
J. B .  Gayle and C.  H. Blakewood 
SUMMARY 
Mul t ip l e  tank c l u s t e r s  r ep resen t ing  Sa tu rn  I b o o s t e r s  and con- 
t a i n i n g  3,500 pounds of LOX/RP-1 were d e s t r u c t e d  by u s i n g  i n t e r n a l  and 
e x t e r n a l  d e s t r u c t  systems. The explosive y i e l d s  f o r  both systems were 
low and, t h e r e f o r e ,  tended t o  r e f u t e  t h e  sugges t ion  t h a t  t h e  c l u s t e r  
c o n f i g u r a t i o n  of t h i s  v e h i c l e  n e c e s s a r i l y  would r e s u l t  i n  i nc reased  
y i e l d s  by comparison wi th  veh ic l e s  having dua l  tanks i n  tandem config-  
u r a t i o n .  Comparisons of r e s u l t s  f o r  t he  two d e s t r u c t  systems i n d i c a t e d  
somewhat lower y i e l d s  and less fragmentation f o r  t he  e x t e r n a l  d e s t r u c t  
system. 
INTRODUCTION 
The explosive y i e l d  t h a t  r e s u l t s  from the  d e s t r u c t  of a launch 
v e h i c l e  i s  inf luenced by the  design of t he  p a r t i c u l a r  d e s t r u c t  system 
used.  
An i n t e r n a l  d e s t r u c t  system, c o n s i s t i n g  of Primacord enclosed i n  
a w e l l  t h a t  w a s  suspended i n  t h e  p r o p e l l a n t  t anks ,  was used wi th  the  
Redstone and J u p i t e r  v e h i c l e s .  Act ivat ion of t h i s  system caused a 
s t r o n g  shock t o  be t r ansmi t t ed  through the p r o p e l l a n t  t o  t h e  tank w a l l s  
which r e s u l t e d  i n  v e h i c l e  breakup and p r o p e l l a n t  d i s p e r s i o n .  I g n i t i o n  
of t h e  d i spe r sed  p r o p e l l a n t s  took p l a c e  in s t an taneous ly ,  thereby pre- 
c lud ing  apprec iab le  mixing of t he  f u e l  and o x i d i z e r  and r e s u l t i n g  i n  a 
n e g l i g i b l e  explosive y i e l d .  
The c l u s t e r i n g  of s e v e r a l  f u e l  and o x i d i z e r  tanks i n  a s i d e  by s i d e  
arrangement f o r  the S - I  s t age  of the Sa tu rn  I v e h i c l e  could be expected 
t o  i n c r e a s e  g r e a t l y  the r a t e  and e x t e n t  of mixing of t he  d i spe r sed  pro- 
p e l l a n t s ,  p a r t i c u l a r l y  wi th  d e s t r u c t  systems of t he  i n t e r n a l  type.  An 
experimental  i n v e s t i g a t i o n ,  therefore ' ,  w a s  i n i t i a t e d  t o  determine t h e  
exp los ive  y i e l d s  r e s u l t i n g  from d e s t r u c t  of t h e  S - I  s t a g e  w i t h  a con- 
v e n t i o n a l  i n t e r n a l  d e s t r u c t  system. Because a number of des ign  con- 
s i d e r a t i o n s  i n d i c a t e d  t h a t  an e x t e r n a l  d e s t r u c t  system would a f f o r d  
d i s t i n c t  advantages i n  f a b r i c a t i o n  and i n s t a l l a t i o n ,  d u p l i c a t e  t e s t s  
employing f l e x i b l e  l inear-shaped charge (FLSC) taped t o  the  o u t s i d e  of 
t h e  tank  wal l s  were made. 
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TEST CONFIGURATIONS AND OPERATING PROCEDURES 
Two t e s t  conf igu ra t ions  w e r e  used. T e s t s  S-1  and S-2  used s i n g l e  
t anks  conta in ing  LOX and W-1  which were d e s t r u c t e d  w i t h  FLSC t o  q u a l i f y  
t h e  e x t e r n a l  d e s t r u c t  system. Tests C - 1 ,  C - 2 ,  and C-3 used n ine- tank  
c l u s t e r s  conta in ing  a t o t a l  of 3500 pounds of RP-1 and LOX i n  t h e  u s u a l  
r a t i o .  Two o f  t hese  t es t s  used e x t e r n a l  FLSC d e s t r u c t  systems, and one 
used an i n t e r n a l  Primacord system. FIG 1 i s  a photograph of a c l u s t e r  
i n  p l ace  a t  t h e  t es t  s i t e ;  Table  I i s  a summary of s p e c i f i c a t i o n s  f o r  
t h e  t e s t s .  
A l l  tanks were made of aluminum a l l o y  AI-5456-H343 and cons i s t ed  
of r i g h t  c i r c u l a r  c y l i n d e r s  w i th  hemispher ica l  bulkheads.  S k i r t s  w e r e  
a t t a c h e d  a t  bo th  ends of t h e  tanks t o  provide  means of assembly and t o  
p r o t e c t  the bulkheads i n  handl ing.  Each tank  w a s  provided wi th  a f i t t i n g  
on t h e  lower bulkhead f o r  f i l l i n g  and ano the r  on the  upper bulkhead f o r  
ven t ing  and p r e s s u r i z a t i o n .  A l l  LOX t anks  were a p p r o p r i a t e l y  cleaned 
and degreased p r i o r  t o  use .  
The ex te rna l  d e s t r u c t  sys'tem employed 100 g r a i n l f  t FLSC, having a 
P e n t a e r y t h r i t o l  t e t r a n i t r a t e  core  (PETN) i n  a shaped lead  shea th  taped 
a g a i n s t  the tank  wal ls  (FIG 2a).  On f l i g h t  v e h i c l e s ,  t h e  FLSC w i l l  be  
he ld  away f r o m  t h e  tank w a l l  by an i n s u l a t i o n  shea th  (FIG 2b)so t h a t  t h e r e  
i s  a 0.094 0.015 inch  s t and-o f f .  The i n s u l a t i o n  i s  provided t o  pro- 
t ec t  aga ins t  aerodynamic hea t ing .  The i n t e r n a l  system employed 100 
g r a i n l f t  Primacord, a l s o  wi th  a PETN c o r e ,  suspended i n  a 1.5- inch 
aluminum tube (FIG 2c) .  The aluminum tube  w a s  l oca t ed  t h r e e  inches  from 
t h e  w a l l  of each tank except  t h e  inne r  LOX tank ,  where a f i v e  inch  
spac ing  was allowed. Primacord (50 g r a i n / f t )  se rved  as the  fuse  t r a i n  
from t h e  de tona tor ,  which cons i s t ed  of Gwo M36A1 d e t o n a t o r  caps.  
Fo r  t h e  s i n g l e  tank t e s t s  ( S - 1  and S-2) ,  40-inch l eng ths  of FLSC 
were taped l o n g i t u d i n a l l y  t o  t h e  c y l i n d r i c a l  p o r t i o n s  of t h e  tanks.  
Fo r  t h e  f i r s t  c l u s t e r  t es t  ( C - l ) ,  40-inch lengths  of FLSC were taped 
2 
t o  t he  o u t e r  t anks ,  and a 32-inch l eng th  w a s  taped t o  the c e n t e r  tank 
f ac ing  an RP-1 c o n t a i n e r  as shown i n  FIG 3a. For the  second c l u s t e r  
t e s t  (C-2), 56-inch lengths  of FLSC were taped l o n g i t u d i n a l l y  t o  t h e  
c y l i n d r i c a l  p o r t i o n s  and extended through the  s k i r t s  onto the  lower 
bulkheads of t h e  o u t e r  tanks;  a l s o ,  16-inch l eng ths  of FLSC w e r e  a t t a c h e d  
t o  the  s k i r t s  of t hese  tanks i n  f r o n t  of t he  ex tens ions .  No FISC w a s  
a t t ached  t o  t h e  c y l i n d r i c a l  po r t ion  of t h e  c e n t e r  tank,  b u t  two 36-inch 
lengths  were taped t o  the  lower bulkhead, t h u s ,  forming a c r o s s  as shown 
i n  FIG 3b. For the  t h i r d  c l u s t e r  tes t  (C-3), 49- and 29-inch l eng ths  
of Primacord were suspended i n  1.5-inch diameter  w e l l s  extending i n t o  
the tanks a s  shown i n  FIG 3c. 
P rov i s ion  w a s  made f o r  exp los ive ly  c u t t i n g  and s e p a r a t i n g  t h e  main 
vent  l i n e  a t  a d i s t a n c e  of approximately seven f e e t  from t h e  c l u s t e r s  
so t h a t  i t  could be reused wi th  aminimum of r e p a i r .  This  e n t a i l e d  u s e  
of an a d d i t i o n a l  13 f e e t  and 8 inches of 50 g r a i n l f t  Primacord and 3 
f e e t  and 6 inches 100 g r a i n l f t  FLSC f o r  each t e s t .  
The procedure used f o r  t h e  s i n g l e  tank LOX t e s t ,  S-1,  c o n s i s t e d  of  
mounting t h e  tank on the  s t and  and a t t a c h i n g  the  FLSC. The tank w a s  
f i l l e d  wi th  LOX and r ep len i shed  a f t e r  a t en  minute w a i t i n g  pe r iod .  This  
allowed enough t i m e  f o r  t he  countdown t o  proceed o r d e r l y  be fo re  b o i l -  
o f f  lowered. t he  l i q u i d  s u r f a c e  t o  t h e  proper  l e v e l .  The ven t  l i n e  then 
w a s  c lo sed ,  and t h e  p r e s s u r e  w a s  allowed t o  r i s e  t o  t h e  43.5 p s i  ven t  
p re s su re .  A t  t h i s  t i m e  t he  d e s t r u c t  system w a s  a c t i v a t e d .  
For the  s i n g l e  tank RP-1 t e s t ,  S-2, t he  FLSC w a s  a t t a c h e d ,  then 
the tank w a s  f i l l e d  wi th  RP-1 and p r e s s u r i z e d  t o  17 .5  p s i  w i t h  n i t r o g e n  
from a c y l i n d e r .  The tank valve was c l o s e d , ( A l l  tanks had been checked 
p r e v i o u s l y  t o  determine t h a t  p re s su re  could be maintained.)  and the  
N2 b o t t l e  w a s  removed. The d e s t r u c t  system w a s  then a c t i v a t e d .  
For  the  c l u s t e r  t e s t s ,  C - 1 ,  C-2, and C-3, t he  c l u s t e r s  were as- 
sembled on the  s t a n d ,  and the RP-1 tanks were f i l l e d .  The instrumen- 
t a t i o n  then w a s  given a f i n a l  checkout, and the d e s t r u c t  system was 
a t t a c h e d .  F i n a l l y ,  the LOX tanks were f i l l e d ;  a f t e r  the i n i t i a l  b o i l -  
o f f  pe r iod ,  they were replenished,  and the  LOX supply was removed. The 
RP-1  tanks were p r e s s u r i z e d  and closed. Then the  LOX tank v e n t  v a l v e s  
were c losed ,  and the  d e s t r u c t  system w a s  armed. LOX p r e s s u r e  w a s  
monitored cont inuously;  when i t  reached 43.5 p s i ,  the  d e s t r u c t  system 
was a c t i v a t e d .  
INSTRUMENT AT I O N  
Instrumentat ion w a s  provided t o  o b t a i n  information regarding shock 
wave ove rp res su res  and v e l o c i t i e s ;  f i r e b a l l  r a t e s  of growth, u l t i m a t e  
s i z e s ,  movements and temperatures;  and sh rapne l  formation and d i s -  
p e r  s ion. 
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Shock Wave Measurements 
The primary ins t rumenta t ion  used t o  mea-sure shock wave overpressures  
r e s u l t i n g  from the  p r o p e l l a n t  detonat ions cons i s t ed  of e leven  piezo-  
e l e c t r i c  p re s su re  t r ansduce r s ,  ampl i f i e r s ,  and a mul t i -channel  FM tape  
r eco rde r  t o  record t h e  gauge s igna l s .  The secondary system cons i s t ed  
of t e n  fo i l -me te r  o r  "Bikini"  gauges, t e n  c a n t i l e v e r  beam gauges, and 
t h r e e  se l f - r eco rd ing  gauges. I n  addi t ion ,  va r ious  cameras w i t h  framing 
r a t e s  ranging from 24 f p s  t o  6,000 f p s  provided a d d i t i o n a l  information 
and documentation of t he  t es t s .  Temperature-sensi t ive p a i n t s  were 
used t o  ob ta in  information about temperatures i n  and n e a r  the  f i r e b a l l s .  
The p i e z o e l e c t r i c  gauges were penc i l  type s ide-on p r e s s u r e  t ransducers  
mounted on b l a s t  i n s e n s i t i v e  s tands approximately 24 inches  above the  
ground su r face  and se t  a t  d i s tances  vary ing  from 32 f e e t  t o  222 f e e t  
from the  c e n t e r  of  t he  explosion.  
of t h e  recorder  and, consequent ly ,  t h e  l imi t ed  range of t h e  overpressures  
readable  by any p a r t i c u l a r  gauge, and a l s o  because of t he  r ap id  decay 
of overpressure  w i t h  d i s t a n c e ,  a constant  logar i thmic  r a t i o  w a s  used 
t o  e s t a b l i s h  the  spacing of i nd iv idua l  gauges t o  provide v a l i d  d a t a  
f o r  one o r  more gauges f o r  y i e l d s  i n  the  range of 10 t o  3000 l b s  of TNT. 
The loca t ions  of a l l  gauges a r e  shown i n  F igure  4 and Table 11. 
Because of t h e  l imi t ed  dynamic range 
The output  s i g n a l  from each gauge w a s  fed through s i x  f e e t  of c o a x i a l  
cab le  i n s i d e  t h e  gauge mount t o  a u n i t y  ga in  p r e a m p l i f i e r  and l i n e  d r i v e r  
s i t u a t e d  a t  t h e  r e a r  of t he  mount and encased i n  a p r o t e c t i n g  can. 
a m p l i f i e r  ou tput  w a s  connected t o  the  tape r eco rde r  i n  the  c o n t r o l  bunker 
through approximately 1,100 f e e t  of h igh  impedance c o a x i a l  cab le .  
The 
The tape  recorder  had twelve channels ope ra t ing  i n  the  FM mode (20 
k i l o c y c l e  frequency response)and two channels ope ra t ing  i n  the  Di rec t  
mode. Each gauge used one FM channel; a t iming and c a l i b r a t i o n  s i g n a l  
used one FM channel ;  vo ice  i d e n t i f i c a t i o n  used one D i r e c t  channel ;  
t he  o t h e r  Di rec t  channel was no t  used. Recording speed w a s  60 inches 
p e r  second ( ip s ) .  
The c a l i b r a t i o n  s i g n a l  which served as a time r e fe rence  f o r  shock 
v e l o c i t y  and as a vo l t age  re ference  f o r  s i g n a l  amplitude was a 1,000 
cps s i n e  wave of 3.0 v o l t s  peak-to-peak amplitude and w a s  der ived  from 
a s t a b l e  audio frequency o s c i l l a t o r .  C a l i b r a t i o n  frequency and amplitude 
were monitored by a d i g i t a l  frequency meter and a c a l i b r a t e d  osc i l l o scope .  
The recorded s i g n a l s  from the  t ransducers  were played back a t  a 
reduced speed of 7-1/2 i p s  and were read ou t  on a s t r i p  c h a r t  recorder  
ope ra t ing  a t  40 i p s .  Then, t h e  r e s u l t i n g  records  were measured on a 
d i g i t a l  c h a r t  reader  t o  give s igna l  amplitudes and t imes of a r r i v a l  of 
s i g n a l s  a t  var ious  gauges. Previously determined gauge c a l i b r a t i o n  
c o e f f i c i e n t s  then allowed d i r e c t  c a l c u l a t i o n  of overpressures  sensed 
by t h e  gauges. The time of a r r i v a l  d a t a  and t h e  gauge spacings were 
used t o  compute shock v e l o c i t y  which i n  tu rn  were used f o r  i n d i r e c t  
c a l c u l a t i o n s  of overpressures .  
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Subsequent t o  i n i t i a l  c a l i b r a t i o n  t e s t s  b u t  p r i o r  t o  t es t  C-1 ,  f i v e  
of t he  p reampl i f i e r s  s u s t a i n e d  damage due t o  water  p e n e t r a t i o n , o f  t he  
s e a l e d  p ro tec t ing  cans and were s e n t  t o  t h e  manufacturer f o r  r e p a i r .  
Because they were no t  r e tu rned  i n  time f o r  the c l u s t e r  tes ts ,  i t  w a s  
necessary t o  connect f i v e  of t he  p i e z o e l e c t r i c  gauges d i r e c t l y  t o  the  
r eco rde r .  The r e s u l t i n g  e f f e c t s  were a seve re  decrease i n  gauge t i m e  
cons t an t  because of t h e  r e l a t i v e l y  low inpu t  r e s i s t a n c e  of t he  r e c o r d e r  
and a reduct ion i n  s e n s i t i v i t y  because of t he  v o l t a g e  d i v i d e r  a c t i o n  
of t he  cable  capaci tance.  Addit ional  c a l i b r a t i o n s  were made w i t h  t h i s  
arrangement t o  o b t a i n  new s e n s i t i v i t y  c o e f f i c i e n t s .  
The range of ove rp res su res  which could be sensed f o r  any p a r t i c u l a r  
gauge was determined by t h e  p o i n t  a t  which t h e  r eco rde r  became d i s t o r t e d  
and by t h e  s i g n a l  t o  no i se  r a t i o  of t he  system, inc lud ing  the  readout  
instrumentat ion.  Upper  va lues  were 1.8 v o l t s  peak, and lower va lues  
were approximately 10 m i l l i v o l t s  peak. These v o l t a g e s  corresponded 
approximately t o  10 p s i g  and 0.05 p s i g ,  r e s p e c t i v e l y ,  f o r  t h e  gauges 
wi th  ampl i f i e r s  and t o  40 p s i g  and 0 . 2  p s i g  f o r  t he  gauges without  
a m p l i f i e r s .  
Fas t ax  camera coverage w a s  provided t o  i n d i c a t e  time of a r r i v a l  of 
t h e  shock wave a t  v a r i o u s  d i s t a n c e s  from t h e  explosions.  To f a c i l i t a t e  
d a t a  reduction, s t r i p e d  r e fe rence  fences (FIG 4 )  were used t o  d e f i n e  
t h e  loca t ion  of t he  shock wave, and mi l l i s econd  timing marks on t h e  
edge of t h e  f i l m  were used t o  e s t i m a t e  i t s  ve loc i ty . ,  These d a t a  a l s o  
were used f o r  i n d i r e c t  c a l c u l a t i o n s  of ove rp res su res .  
The th ree  types of mechanical gauges, t he  f o i l m e t e r  gauges, t h e  
c a n t i l e v e r  beam gauges, and the  s e l f - r e c o r d i n g  gauges, were used 
p r i m a r i l y  as a backup system f o r  t he  p i e z o e l e c t r i c  gauges.  The f o i l -  
meter and beam gauges were cons t ruc t ed  in-house. The i r  c h a r a c t e r i s t i c s  
are described i n  r e f e r e n c e s  1, 2 ,  and 3. The s e l f - r e c o r d  gauges, de- 
s c r i b e d  i n  reference 4 ,  were obtained on loan from the  A t l a n t i c  M i s s i l e  
Range. 
A l l  t h r ee  types of t hese  gauges a r e  " se l f - r eco rd ing"  i n  t h a t  they a r e  
permanently and measurably a l t e r e d  o r  deformed by a shock wave. 
f o i l m e t e r s  measure d i s c r e t e  ranges of ove rp res su res  by means of b u r s t i n g  
diaphragms. The beam gauges measure a continuous range of ove rp res su res  
by means of the permanent deformation of t h e  aluminum beam. The 
se l f - r eco rd ing  gauges measure the  e n t i r e  p re s su re - t ime  h i s t o r y  of t he  
shock wave by s c r i b i n g  a l i n e  whose d e f l e c t i o n  i s  p r o p o r t i o n a l  t o  the  
instantaneous ove rp res su re  on a r o t a t i n g  s i l v e r e d  g l a s s  d i s c .  
The 
While the f i r s t  two types of mechanical gauges were completely i n e r t ,  
t he  se l f - r eco rd ing  gauges were d r iven  by b a t t e r y  ope ra t ed  chronometric 
motors. These motors were i n i t i a t e d  by an i n t e r n a l  r e l a y  c o n t r o l l e d  
by a 10 v o l t  d.c. power supply i n  the  c o n t r o l  bunker. Approximately 15 
seconds of recording time were a v a i l a b l e  f o r  each gauge wi thou t  over- 
lapping t h e  beginning of t he  recording.  
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Shrapne 1 Measurements 
F o r  9 b s e r v a t i ~ n s  or. shrapce?,  t h e  area surrwdnding the  +fin+ L G O L  - 7 -  w a s  
surveyed a f t e r  each tes t  f o r  fragments. The l o c a t i o n ,  weight ,  and 
i d e n t i f i c a t i o n  o f ' each  fragment were noted.  
provided the  oppor tun i ty  of observing the  fragments i n  f l i g h t .  
The v a r i o u s  f i l m  coverages 
F i r e b a  11 Measurements 
Temperature s e n s i t i v e  p a i n t s ,  "Tempilaq" were used t o  o b t a i n  rough 
A series of estimates of temperatures nea r  t h e  edge of the f i r e b a l l .  
p a i n t s  having c r i t i c a l  temperatures t h a t  v a r i e d  i n  100°C s t e p s  from 
3OO0C t o  20OO0C waq used. 
e l e c t r i c  gauge mounts. Exposure t o  t h e  c r i t i c a l  temperature  i s  i n d i -  
c a t e d  by a g l a z i n g  e f f e c t  i n  the pa in t .  The e x t e n t  of g l a z i n g  must 
n a t u r a l l y  depend upon the f i n a l  temperature t o  which t h e  p a i n t  i s  
r a i s e d  and, t h e r e f o r e ,  t o  t he  du ra t ion  of h e a t  f l u x  a t  temperatures 
g r e a t e r  than t h e  c r i t i c a l ;  t hus ,  accurate  e s t i m a t e s  a r e  n o t  obtained 
i f  t h e  h e a t i n g  occurs  i n  a pu l se  of s h o r t  d u r a t i o n ,  a s  i n  t h e  case 
of t h e  f i r e b a l l  r e s u l t i n g  from an  explosion. 
The p a i n t s  were app l i ed  on t h e  piezo- 
F o r  o b t a i n i n g  d a t a  on f i r e b a l l  growth and movement, photographic  
For  coverage o t h e r  
coverage w a s  provided. The reference fence f o r  Fas t ax  coverage 
provided s c a l i n g  f o r  a l l  photographic coverage. 
than Fas t ax ,  t he  r a t e d  frame speeds were used f o r  t iming. Obser- 
v a t i o n s  were made on t h e  h o r i z o n t a l  diameter  as t h e  f i r e b a l l  grew and 
r o s e  o f f  t he  ground; o t h e r  observat ions included t h e  ra te  of rise and 
u l t i m a t e  he igh t  t h e  f i r e b a l l  reached. 
CALIBRATION OF INSTRUMENTATION 
Primary c a l i b r a t i o n  of the p i e z o e l e c t r i c  gauges w a s  accomplished 
by means of a shock tube. D i r e c t  c a l i b r a t i o n  of a l l  i n s t rumen ta t ion  
was accomplished by tests us ing  known weights of high exp los ive ,  TNT. 
The shock tube,  FIG 5,  was s i m p l y  an aluminum tube, 3 f e e t  and 5 
i n c h e s  long and 3 inches i n  diameter,  w i th  a removable d r i v e r  s e c t i o n .  
Various th i cknesses  of aluminum f o i l  were used t o  i s o l a t e  t he  d r i v e r .  
s e c t i o n ,  which w a s  p r e s s u r i z e d  w i t h  d r y  n i t r o g e n  gas t o  a known p r e s s u r e ;  
t h e  aluminum f o i l  diaphragm then was b u r s t  by a hand-operated punctur ing 
dey ice .  The overpressure of t he  r e s u l t i n g  shock wave w a s  c a l c u l a t e d  
by an i t e r a t i v e  s o l u t i o n  of the following equat ion:  
where Po, Pch, and Ps equal atmospheric, chamber o r  d r i v e r ,  and shock 














N N f r n m O 3 0 m r n O  
m r n m r - d o o N b m  . . . . . . . . . .  
assumed t o  be' 1.4. 
waves of approximately 4.3,  6.9,  and 9 .8  p s i g  ove rp res su re .  The re- 
s u l t i n g  gauge ou tpu t s  were reduced to  s e n s i t i v i t y  c o e f f i c i e n t s  i n  units 
of p s i / v o l t  (Table 111). The s e n s i t i v i t y  c o e f f i c i e n t s  m u l t i p l i e d  by the  
v o l t a g e s  obtained from a t e s t  gave the r e s u l t a n t  ove rp res su res .  
Each i n d i v i d u a l  gauge w a s  c a l i b r a t e d  wi th  shock 
For d i r e c t  caT ib ra t ion  t e s t s ,  a l l  i n s t rumen t s  w e r e  s e t  up a t  t h e  
s e l e c t e d  p o s i t i o n s ,  and t h e  p i e z o e l e c t r i c  gauges were checked o u t  by 
determining i f  f i n g e r  p r e s s u r e  on the s e n s i t i v e  element r e g i s t e r e d  on 
an o s c i l l o s c o p e .  The ou tpu t s  from the p i e z o e l e c t r i c  gauges then were 
connected t o  the  t a p e  r eco rde r  a s  descr ibed above. 
The charges c o n s i s t e d  of f l aked  TNT i n  2,  5,  10, 50, and 100 pound 
q u a n t i t i e s  placed i n  c u b i c a l  cardboard c a r t o n s ;  114 pound, N i t r o  s t a r c h  
b o o s t e r s  and No. 8 b l a s t i n g  caps served as i n i t i a t o r s .  The c a r t o n s  
were mounted on a fou r  f o o t  p o s t  located a t  the  p o i n t  where the pro- 
p e l l a n t  tes ts  were t o  be run. 
A p i e z o e l e c t r i c  gauge record of a t y p i c a l  p r e s s u r e  p u l s e  from a TNT 
d e t o n a t i o n  i s  given i n  FIG 6. I n  FIG 7 ,  t he  measured ove rp res su res  f o r  
t h e  v a r i o u s  c a l i b r a t i o n  tests are p l o t t e d  v e r s u s  the  reduced d i s t a n c e s ,  
i . e . ,  t he  gauge d i s t a n c e  divided by the  cube r o o t  of t he  charge weight 
and t h e  r e s u l t i n g  p o i n t s  a r e  compared t o  a r e fe rence  TNT overpressure-  
reduced d i s t a n c e  curve which w a s  developed as a p a r t  of t h i s  s tudy.  
The d a t a  p o i n t s  g e n e r a l l y  followed the r e f e r e n c e  curve wi th  the l a r g e s t  
percentage d e v i a t i o n s  corresponding t o  t h e  lowest p r e s s u r e s ,  t h i s ,  
probably,  being p a r t l y  caused by f a i l u r e  t o  apply c o r r e c t i o n s  f o r  wind 
v e l o c i t y  and ambient temperature.  
The p i e z o e l e c t r i c  gauges a l s o  were used f o r  determining shock wave 
v e l o c i t y  s i n c e  they i n d i c a t e d  the  t i m e  of a r r i v a l  of t h e  shock wave a t  
given l o c a t i o n s .  By curve f i t t i n g  the t i m e  of a r r i v a l  d a t a  and d i f f e r -  
e n t i a t i n g  t h e  r e s u l t i n g  polynomials, p o i n t  e s t i m a t e s  were obtained of 
shock wave v e l o c i t y  as a func t ion  of d i s t a n c e  from each c a l i b r a t i o n  
tes t .  These estimates were used f o r  c a l c u l a t i n g  the  corresponding 
ove rp res su res  by means of t he  following equat ion:  
Pp = Po (;+ Y 1) ( 4  - 1 ), Equation 2 
where Pp i s  the  peak shock overpressure,  Po i s  the  atmospheric p r e s s u r e ,  
T i s  t h e  r a t i o  of s p e c i f i c  h e a t s ,  C i s  the  v e l o c i t y  of sound, and U i s  
the  shock wave v e l o c i t y .  Because no z e r o  t i m e  s i g n a l  was used,  times of 
a r r i v a l  a t  v a r i o u s  l o c a t i o n s  were measured r e l a t i v e  t o  the time of 
a r r i v a l  of t he  shock wave a t  the c l o s e s t  gauge p o s i t i o n .  Overpressures 
ob ta ined  by t h i s  method g e n e r a l l y  were s imi l a r  t o  ove rp res su res  measured 
d i r e c t l y  and, t h e r e f o r e ,  a r e  not  included. 
For the  backup ins t rumen ta t ion ,  c a l i b r a t i o n  w a s  determined wi th  the  
TNT t e s t s .  The f o i l m e t e r  readings were converted t o  ove rp res su res  by 
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reduced d i s t a n c e s  f o r  t h e  va r ious  c a l i b r a t i o n  tests. The r e s u l t s ,  shown 
i n  FIG 8, were d i s t r i b u t e d  about the r e f e r e n c e  TNT curve,  t h e  agreement 
b u r s t  diaphragm measurements. 
h A <  vG lng  s u r p r i s i n g l y  gscd i n  view cf t h e  all-or-none charac ter  of the 
Although t h e  c a n t i l e v e r  beam r e s u l t s  f o r  t h e  c a l i b r a t i o n  tes ts  were 
e n t i r e l y  c o n s i s t e n t  w i th  the  published c a l i b r a t i o n  curves,  t he  r e s u l t s  
f o r  t he  p r o p e l l a n t  tes ts  (discussed below) e x h i b i t e d  c e r t a i n  p e c u l i a r i t i e s  
n o t  p rev ious ly  r epor t ed  and which a r e  d i f f i c u l t  t o  d i s c u s s  i n  terms of 
t h e  corresponding ove rp res su res .  For t h i s  reason,  t he  r e s u l t s  are pre-  
s en ted  i n  FIG 9 i n  t h e  form of permanent t i p  d e f l e c t i o n s  ve r sus  d i s t a n c e s  
from a given TNT explosion.  
s a t i s f a c t o r y  agreement wi th  the published r e fe rence  cu rves ,  
Inspect ion of t h e  p l o t t e d  d a t a  i n d i c a t e s  
No publ ished c a l i b r a t i o n  curves were a v a i l a b l e  f o r  t h e  s e l f  record 
gauges. Therefore ,  t he  d a t a  f o r  the c a l i b r a t i o n  tests were used t o  
e s t a b l i s h  the  d e f l e c t i o n  ve r sus  reduced d i s t a n c e  p l o t  shown i n  FIG 10. 
Inasmuch as t h e  p i e z o e l e c t r i c  gauge d a t a  p r e v i o u s l y  had confirmed the  
a p p l i c a b i l i t y  of t h e  s tandard TNT curve t o  t h e s e  t e s t s ,  t he  d e f l e c t i o n  
f o r  any given reduced d i s t a n c e  could be converted r e a d i l y  t o  the  co r re -  
sponding overpressure by means of the s t anda rd  TNT curve.  
From t h e  Fas t ax  coverage, t h e  v e l o c i t y  of t h e  shock wave could be de- 
termined by measuring t h e  s l o p e  of t h e  d i s t ance - t ime  curve f o r  t h e  
shock wave. During c a l i b r a t i o n  t e s t s ,  t iming marks were n o t  recorded 
on t h e  Fas t ax  f i l m ,  and p r e c i s e  c a l i b r a t i o n  d a t a ,  t h e r e f o r e ,  were n o t  
ob ta ined .  However, FIG 11 i s  a p l o t  of r e s u l t s  f o r  a 50 pound t e s t  
u s i n g  the  number of frames i n  l i e u  of t iming marks. Timing marks were 
recorded on t h e  f i l m  f o r  t he  p rope l l an t  tests.  Overpressures were 
c a l c u l a t e d  from t h e  Fas t ax  t ime-o f -a r r iva l  d a t a  i n  t h e  manner desc r ibed  
e a r l i e r  f o r  t h e  p e i z o e l e c t r i c  gauge t i m e - o f - a r r i v a l  d a t a .  However, i t  
should be noted t h a t  shock waves v i s i b l e  on Fas t ax  f i l m  a r e  l i m i t e d  t o  
t h o s e  f o r  which t h e  ove rp res su res  a r e  g r e a t e r  t han  approximately 2 t o  
3 p s i .  I n  t h i s  s tudy ,  v i s i b l e  shocks were noted f o r  c a l i b r a t i o n  t e s t s  
u s i n g  as l i t t l e  as 10 pounds of TNT. 
RESULTS 
Fragmentation 
The fragmentat ion p a t t e r n s  f o r  t he  S ing le  Tank Tests ,  S - 1  and S-2 ,  
are shown i n  FIG 1 2  and 13. Although the  number of fragments w a s  s m a l l  
f o r  each t e s t ,  t h e  l a r g e r  number of fragments and t h e  wider range of 
d i s p e r s i o n  noted f o r  t es t  S - 1  may have been due t o  embri t t lement  of t he  
tank m a t e r i a l  by the  low temperature of t h e  LOX. Evidence of t h i s  a l s o  
w a s  a f fo rded  by t h e  i r r e g u l a r  edges of t h e  fragments.  
The f u e l  c o n t a i n e r  f o r  t e s t  S-2 remained s u b s t a n t i a l l y  i n t a c t  except  
f o r  t he  ends. Both tanks showed the c l ean  c u t t i n g  a c t i o n  of t he  FLSC 
a t  t h e  l i n e  of c o n t a c t .  Some evidence of p a r t i a l  s p l i t t i n g  w a s  n o t i c e d  
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along the weld seam of both tanks.  Aside from the  w a l l  s p l i t t i n g ,  both 
hemispherical  ends of each tank were blown o f f .  F a i l u r e  occurred a t  
t he  weld seams. 
Inasmuch as the  purpose of t he  s i n g l e  tank tests w a s  t o  q u a l i f y  the  
e x t e r n a l  d e s t r u c t  system, no b l a s t  i n s t rumen ta t ion  w a s  provided. As 
expected,  v i s u a l  and photographic monitoring of t he  t es t  f a i l e d  t o  
i n d i c a t e  any explosions a s s o c i a t e d  wi th  the  p r o p e l l a n t s  a l though the  
RP-1 was ign i t ed  by the  d e s t r u c t  a c t i o n  and burned f o r  s e v e r a l  hours.  
The fragmentation p a t t e r n s  f o r  t he  c l u s t e r  t e s t s ,  C - 1 ,  C - 2 ,  and C - 3 ,  
a r e  shown i n  FIG 14, 15, and 16. The t h r e e  fragments found a f t e r  the 
f i r s t  t e s t  using an e x t e r n a l  d e s t r u c t  system, C - 1 ,  were p a r t s  of t he  
upper f u e l  venting l i n e  t o  which the  Primacord r i n g l i n e  was a t t ached .  
The f u e l  container  which f e l l  t e n  f e e t  away w a s  t he  only p a r t  of t he  
c l u s t e r s  blown away due t o  e i t h e r  exploding of the p r o p e l l a n t s  o r  
s p l i t t i n g  of the tanks.  This  p a r t i c u l a r  con ta ine r  was ad jacen t  t o  the  
FLSC s t r i p  on the i n n e r  LOX tank.  The r e s u l t s  i n d i c a t e d  t h a t  t he  de- 
s t r u c t  system funct ioned s a t i s f a c t o r i l y  and t h a t  t h e  d i s p e r s i o n  of the 
p r o p e l l a n t s  was complete except  f o r  a s m a l l  q u a n t i t y  of RP-1  which re- 
mained i n  the lower hemispherical  bulkheads. 
I n  an attempt t o  d i s p e r s e  the s m a l l  amount of RP-1 remaining i n  the 
bulkheads) the e x t e r n a l  d e s t r u c t  system f o r  t e s t  C - 2  was modified as 
i n d i c a t e d  previously.  For t h i s  t e s t ,  a l l  of t h e  tanks remained on the  
t e s t  s t and  a f t e r  d e s t r u c t  a c t i o n .  The fragments cons i s t ed  of p i e c e s  
of t he  f u e l  venting l i n e  except  f o r  a s k i r t  from the  bottom of one f u e l  
tank which was detached from the  tank by the F L S C  and no t  by a pro- 
p e l l a n t  explosion. This  p i e c e  w a s  observed i n  the  motion p i c t u r e s  t o  
r o l l  and tumtle a long t h e  ground. A l l  of the  p r o p e l l a n t s  were d i spe r sed  
f o r  t h i s  t e s t .  
For t e s t  C - 3 ,  the  Primacord i n s i d e  the  w e l l s  of t he  con ta ine r  d i d  
n o t  produce s u f f i c i e n t  exp los ive  fo rce  t o  d i s p e r s e  a l l  of t he  p r o p e l l a n t s .  
Thus, t he  walls of most of t he  c o n t a i n e r s  were only p a r t i a l l y  rup tu red ,  
and a l a rge  quan t i ty  of RP-1  w a s  l e f t  i n  t h e  c o n t a i n e r s  a f t e r  t he  t e s t .  
One f u e l  container  was ruptured only a t  the upper bulkhead. The c e n t e r  
LOX con ta ine r  and one RP-1 c o n t a i n e r  were s u b s t a n t i a l l y  undamaged. One 
o u t e r  LOX container  received only minor damage because the  Primacord 
d i d  n o t  propagate due t o  improper attachment t o  the r i n g l i n e .  
Despi te  the f a c t  t h a t  t he  Primacord used w a s  i n s u f f i c i e n t  t o  e f f e c t  
complete d i spe r s ion  of a l l  t he  p r o p e l l a n t s ,  s eve re  f ragmentat ion r e -  
s u l t e d  f o r  those c o n t a i n e r s  whose con ten t s  were d i s p e r s e d ,  and a l l  of 
t h e  con ta ine r s  were blown o f f  t h e  t e s t  s t and .  Presumably, i f  Primacord 
of s u f f i c i e n t  explosive f o r c e  t o  e f f e c t  complete d i s p e r s i o n  had been 
used,  fragmentation of the c o n t a i n e r s  would have been even more ex- 
t e n s i v e .  
Because the exp los ive  f o r c e  and f i r e b a l l  r e s u l t i n g  from t e s t  C - 3  
cannot be a t t r i b u t e d  t o  t h a t  p o r t i o n  of t he  p r o p e l l a n t s  which w a s  n o t  
12 
a c t u a l l y  d i s p e r s e d ,  d a t a  obtained from t h i s  t e s t  were c a l c u l a t e d  on the 
b a s i s  of an assumed t o t a l  p rope l l an t  weight of 1700 pounds, o r  roughly 
51) percer?t cf  t he  a c t u a l  tcta?. The explcsive y i e ld  frcn the  tes t  w a s  
so low t h a t  d i f f e r e n c e s  of even seve ra l  hundred pounds i n  the  assumed 
t o t a l  p r o p e l l a n t  weight were no t  c r i t i c a l ;  consequent ly ,  no at tempt  w a s  
made t o  o b t a i n  a b e t t e r  e s t i m a t e .  
F i r e  ba 12 
F i r e b a l l  obse rva t ions  and measurements were based almost e n t i r e l y  
on photographic r eco rds .  A f t e r  a c t i v a t i o n  of t h e  d e s t r u c t  system f o r  
each of t h e  c l u s t e r  t e s t s ,  i g n i t i o n  a p p a r e n t l y  took p l a c e  immediately; 
no de lay  was d e t e c t e d  even by in spec t ion  of i n d i v i d u a l  frames of t h e  
F a s t a x  f i l m s .  T h i s  suggests  t h a t  any de lay  must have been of t h e  o rde r  
of 150 micro-seconds o r  less .  
The s i z e s  of t h e  f i r e b a l l s  as a f u n c t i o n  of t i m e  a f t e r  i g n i t i o n  
are  shown i n  FIG 1 7 .  For t e s t  C - 1 ,  t h e  ground l e v e l  f i r e b a l l  diameter 
i nc reased  a t  a s t e a d i l y  decreasing ra te  f o r  approximately 2 seconds,  
a t  which t i m e  i t  l i f t e d  o f f  t h e  ground. The maximum diameter w a s  
approximately IorJ f e e t  and occurred a f t e r  about 2.5 seconds; t h e  v i s i b l e  
flame w a s  ex t ingu i shed  a f t e r  about 4 seconds. 
C-2 i nc reased  i n  s i z e  a t  a s t e a d i l y  decreasing ra te  u n t i l  t h e  v i s i b l e  
flame w a s  ex t ingu i shed  a f t e r  about 2.5 seconds,  a t  which t i m e  t h e  
diameter  w a s  approximately 140 f e e t .  
The f i r e b a l l  f o r  t es t  
For t es t  C-3, t h e  f i r e b a l l  was apprec i ab ly  smaller, t h e  maximum 
diameter  being about 90 f e e t .  This w a s  undoubtedly due, i n  p a r t ,  t o  
t h e  smaller q u a n t i t y  of p r o p e l l a n t s  d i spe r sed .  
I n  a d d i t i o n  t o  t h e  ground l e v e l  f i r e b a l l ,  a mushroom type f i r e b a l l  
appeared i n  each tes t  about 2 seconds a f t e r  i g n i t i o n  and grew t o  ap- 
proximately t h e  same s i z e  as t h e  ground l e v e l  f i r e b a l l  by t h e  t i m e  t h e  
v i s i b l e  flame w a s  ex t ingu i shed .  A t  t h a t  t i m e ,  t h e  top  of t h e  mushroom 
t y p e  f i r e b a l l  had reached an a l t i t u d e  of approximately 150 f e e t .  
Visual  obse rva t ion  a t  t h e  time of t h e  t es t s  showed apparent  h o r i -  
z o n t a l  symmetry i n  t h e  f i r e b a l l s  of t e s t s  C-1 and C-2, bu t  h e l i c o p t e r  
motion p i c t u r e s  and t h e  soot  markings on t h e  ground surrounding t h e  tanks 
i n d i c a t e d  t h a t  s tar-shaped d i spe r s ion  p a t t e r n s  developed i n i t i a l l y  and 
q u i c k l y  degenerated i n t o  sphe r i ca l  p a t t e r n s .  
from t h e  ground tended t o  confirm t h i s  f i n d i n g .  The f i r e b a l l  f o r  tes t  
c-3 w a s  i r r e g u l a r l y  shaped, both on t h e  ground and i n  t h e  a i r .  
F a s t a x  camera r e c o r d s  
Estimates of temperatures i n  the  v i c i n i t y  of t h e  f i r e b a l l s  were- 
ob ta ined  by use of 'Tempilaq" p a i n t s  and were r e l a t i v e l y  crude. 
p a i n t s  were p l aced  on t h e  p i e z o e l e c t r i c  gauge mounts. 
photography showed t h a t  a f t e r  i g n i t i o n  t h e  f i r s t  few mounts were 
enveloped by t h e  expanding oxygen vapors  and then were exposed t o  t h e  
f i r e b a l l .  It could not  be determined i f  t h e  f i r e b a l l  a c t u a l l y  touched 




r a d i a n t  heat ing o r  a c t u a l  flame con tac t .  However, some ve ry  l i g h t  
soo t ing  w a s  noted on t h e  f i r s t  two mounts a l though t h e  maximum i n d i c a t e d  
temperatures  were r e l a t i v e l y  low. Table IV i n d i c a t e s  t h e  approximate 
temperatures  a t  v a r i o u s  d i s t a n c e s  from t h e  c e n t e r  of t h e  charges.  
Probably,  t h e  maximum temperatures  f o r  tests c-1 and C-2 w e r e  
app rec i ab ly  higher  than t h e  v a l u e s  shown due t o  t h e  r e l a t i v e l y  s h o r t  
d u r a t i o n  of t he  exposures.  T e s t  C-3 gave no d i s t i n c t  estimate. Th i s  
sugges t s  t h a t  t h e  temperatures  w e r e  much lower than f o r  t h e  o t h e r  tes ts  
and i s  c o n s i s t e n t  w i t h  t h e  smaller f i r e b a l l  diameter and t h e  sma l l e r  
q u a n t i t y  of p r o p e l l a n t s  d i spe r sed .  
TABLE I V  
ADDroximate TemDerature P r o f i l e s  
Test 
Distance from Ground Zero c-1 c-2 c-3 
3 1  f e e t  
37 feet  
45 f e e t  
53 f e e t  
5OO0C 5OO0C - 
5OOOC 5OOOC - 
3OO0C 3OOOC - 
3OOOC 3OOOC - 
shock Waves 
Overpressures f o r  t h e  c l u s t e r  t e s t s  w e r e  obtained d i r e c t l y  from 
t h e  amplitudes of t h e  peaks obtained wi th  t h e  p i e z o e l e c t r i c  gauges 
and i n d i r e c t l y  from t h e  t i m e s  between corresponding peaks f o r  d i f f e r e n t  
p i e z o e l e c t r i c  gauges. I n d i r e c t  estimates of ove rp res su re  a l s o  were 
obtained from t h e  self r eco rd  gauges by r e l a t i n g  t h e  measured d e f l e c t i o n s  
f o r  any given va lue  of Z i n  t h e  c a l i b r a t i o n  t e s t s  t o  equ iva len t  over- 
p r e s s u r e s  f o r  corresponding v a l u e s  of reduced d i s t a n c e .  
None of t h e  f o i l m e t e r  diaphragms were rup tu red  during t h e  c l u s t e r  
tes ts  although s e v e r a l  were melted by t h e  h e a t .  S i m i l a r l y ,  i n s p e c t i o n  
bf t h e  Fastax f i l m s  f a i l e d  t o  i n d i c a t e  v i s i b l e  shock waves. Comparison 
of t h e s e  r e su l t s  wi th  those f o r  t h e  c a l i b r a t i o n  t e s t s  i n d i c a t e d  t h a t  
t h e  y i e l d s  f o r  t h e  c l u s t e r  t es t  must have been on t h e  o r d e r  of t e n  
pounds of TNT o r  less.  
The c a n t i l e v e r  beam r e s u l t s  shown i n  FIG 18 confirm t h e  v e r y  low 
y i e l d s  ind ica t ed  by t h e  f o i l m e t e r  and F a s t a x  r e s u l t s .  However, i t  i s  
of i n t e r e s t  to  n o t e  t h a t  some of t h e  gauges i n d i c a t e d  n e g a t i v e  t i p  
d e f l e c t i o n s ,  whereas previous i n v e s t i g a t o r s  have r e p o r t e d  only p o s c t i v e  
d e f l e c t i o n s .  The phys ica l  s ign i f i cance  of t h i s  phenomenon i s  no t  
immediately ev iden t  but  may be r e l a t e d  t o  t h e  l a r g e  hea t  f l u x  r e s u l t i n g  
f a c t  t h a t  a few of t h e  c l o s e s t  gauges w e r e  mel ted by t h e  i n t e n s e  h e a t .  
Whereas t h e  f o i l m e t e r  and c a n t i l e v e r  beam gauges are capable  of 
from the p r s p e l l a ~ t  ~ ; ; ~ 1 = s i = r , s .  T h i s  y v ~ S  1" . h ' l ' + - ?  LL 1 L J  is s u p p ~ r t e d  by 
only  a s i n g l e  i n d i c a t i o n  f o r  each t e s t ,  t h e  s e l f  record  and p i e z o e l e c t r i c  
gauge systems provided continuous monitor ing capable  of d i f f e r e n t i a t i n g  
between explos ions  occurr ing  only a few mi l l i s econds  a p a r t .  In spec t ion  
of  t h e  r e s u l t s  i n d i c a t e d  t h a t  mu l t ip l e  explos ions  occurred during each 
c l u s t e r  t e s t  (See Table  V) . Moreover, i n spec t ion  of t h e  i n d i v i d u a l  
p r e s s u r e  t i m e  trace ind ica t ed  t h a t  i n  no i n s t a n c e  w a s  t h e  f i r s t  explos ion  
t h e  l a r g e s t .  
S e l f  r eco rd  and p i e z o e l e c t r i c  gauge r e s u l t s  f o r  t h e  l a r g e s t  ex- 
p los ion  f o r  each of t h e  t h r e e  c l u s t e r  t e s t s  are summarized i n  FIG 
20, and 21. A l s o  included i n  these  f i g u r e s  are curves corresponding 
t o  y i e l d s  of 100, 10, 1, and 0.1 percent  TNT c a l c u l a t e d  from t h e  r e f e r -  
ence curve shown i n  FIG 6 .  The p i e z o e l e c t r i c  gauge system f a i l e d  t o  
f u n c t i o n  f o r  t e s t  C - 1 .  However, the overpressure  d a t a  f o r  t h e  s e l f  
r eco rd  gauges ind ica t ed  a y i e l d  of approximately 0.05 percent  o r  1 .7  
pounds of TNT. 
t h e  s e l f  record  and p i e z o e l e c t r i c  gauges and ind ica t ed  a y i e l d  of 
approximately 0.1 percent  o r  3.5 pounds of  TNT. For test C-3, over- 
p r e s s u r e s  were obta ined  f o r  both types of gauges and ind ica t ed  a y i e l d  
of  approximately 0.3 percent  o r  5 pounds of TNT. Overpressures  ca lcu-  
l a t e d  i n d i r e c t l y  from t h e  p i e z o e l e c t r i c  gauge t i m e  of a r r i v a l  d a t a  
were i n  gene ra l  agreement wi th  the d i r e c t l y  measured overpressures  
and are no t  given.  
19, 
For test  C-2, overpressures  were obta ined  f o r  both 
TABLE V 
Number of S i g n i f i c a n t  Explosions Ind ica t ed  by 
D i f f e r e n t  Types of Ins t rumenta t ion  -
T e s t  C-2 - Test C-3 --- T e s t  C - 1  
V i s i b l e  (Film Examination) 3 6 6 
S e l f  Record Gauges 4 7 6 
P i e z o e l e c t r i c  Gauges - 1 6 
C ONCLU S IONS 
A comparison of t h e  low y ie lds  (<0.5 percent)  ob ta ined  i n  t h i s  
s tudy  wi th  those  determined i n  previous d e s t r u c t  t es t s  f a i l e d  t o  con- 
f i r m  t h e  expected inc rease  i n  y i e l d  due t o  t h e  c l u s t e r  conf igu ra t ion  
of t h e  Sa tu rn  I boos ter .  This  suggests  t h a t ,  as long as t h e  i g n i t i o n  
15 
delay time after release of the propellants is essentially nil, even 
major increases in interface area do not result in high yields. 
Comparisons of the results for the different destruct systems 
indicated significantly lower yields for the external FZSC system. 
However, all yields were close to the lower limit which could be 
measured with the available instrumentation. Therefore, it is difficult 
to estimate quantitative differences to be expected in full scale tests 
of these systems. 
17 
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a. EXTERNAL DESTRUCT S Y S T E M  (TEST CONFIGURATION) 
1 FLSC , - - P E T N  CORE 
SHAPED L E A D  SHEATHJ 
I NSU LATl  O N  
VEHICLE S K I N  
ROPELLANT 
0.094 INCH 
b. EXTERNAL DESTRUCT S Y S T E M  (FLIGHT CONFIGURATION) 
PRIMACORD 
PETN CORE 
7 R E I N F O R C E D  PLASTIC SHEATH 
ALUMINUM TUBE 
PROPELLANT 
- - _ _  
- __ _ _  
c. INTERNAL DESTRUCT S Y S T E M  
FIGURE 2 DETAILS OF DESTRUCT S Y S T E M S  
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a.  C-1 CONFIGURATION 
7 P R I M A C O R D  
b. C-2 CONFIGURATION 
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C .  C-3 CONFIGURATION 
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2 - 6 4  FR/SEC 
SCALE 
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FIGURE 6 OSCILLOSCOPE TRACE FOR 







Z = R / W  ’ I 3  
d 2 LB TNT 
5 LB TNT 
A 10 LB TNT 
0 50  LB TNT 
0 100 LB TNT 
1.0 10 100 1000 
Z, F T / L B 1 l 3  
FIGURE 7 CALIBRATION DATA AND R E F E R E N C E  
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FIGURE 8 CALIBRATION DATA A N D  R E F E R E N C E  
CURVE FOR FOILMETER GAUGES 
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0 5 0  LB T N T  TEST 
0 100 LB T N T  TEST 
REFERENCE CURVES - - - 
I I 
10 100 1000 
DISTANCE TO C H A R G E  CENTER, FEET 
FIGURE 9 CALIBRATION DATA AND REFERENCE CURVES FOR 






Z = R / W ’ I 3  
A 5 PSI G A U G E  C A L I B R A T I O N  P O I N T S  
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CHARGE - 5 0  LB T N T  
FRAME RATE - APPROX. 
7000 FRAMES/SEC - 
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NUMBER OF FRAMES 
FIGURE 111 TIME OF ARRIVAL OF SHOCK WAVE 




D I S T A N C E  
FROM CHARGE 
CENTER, FT 
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0 LOX CONTAINER 
LOX CONTAINER 
FRAGMENTS 
FIGURE 12 FRAGMENT PATTERN FOR SINGLE LOX CONTAINER, 
T E S T  S-1 
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DISTANCE 
FRAGMENT FROM CHARGE WEIGHT 0 RP-1 CONTAINER 
CENTER, FT LBS OZS A RP-1 CONTAINER FRAGMENTS - -  N 0. 
1 3 12 8 
2 9 38 0 
3 13 6 0 
4 33 3 5 




FRAGMENT FROM CHARGE WEIGHT 
N 0. CENTER, FT LBS OZS 
1 90 0 2 
2 8 2  0 3 
3 105 0 2 
- -
LOX CONTAINER 
0 RP-1 CONTAINER 
0 LOX CONTAINER 
A RP-1  CONTAINER 
FRAGMENTS 
FRAGMENTS 
F I G U R E  14 F R A G M E N T  P A T T E R N  F O R  TEST C-1  
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LOX CONTAINER 
0 RP-1  CONTAINER 
LOX CONTAINER 
A RP-1  CONTAINER 
FRAGMENTS 
FRAGMENTS 
FIGURE 15 FRAGMENT PATTERN FOR TEST C - 2  
(EXTERNAL DESTRUCT S Y S T E M )  
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FIGURE 18 CANTILEVER B E A M  DATA FOR CLUSTER TESTS 
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FIGURE 19 EQUIVALENT TNT YIELD FOR T E S T  C-1 
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FIGURE 2 0  EQUIVALENT T N T  YIELD FOR TEST C-2 
(EXTERNAL DESTRUCT SYSTEM) 
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FIGURE 21 EQUIVALENT TNT YIELD FOR TEST C - 3  
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